T he development of noninvasive means of assessing left ventricular function has been one of the main fields of investigation in cardiology, with the final purpose of avoiding cardiac catheterization. In the last two decades M-mode and two-dimensional echocardiography yielded outstanding improvements in diagnostic cardiology by providing readily available anatomic and functional information. A number of ejection phase indexes of left ventricular function, and ejection fraction in particular, have been validated by direct methods and, when applied to the everyday care of patients, proved to be useful, practical, and cost effective.1'2 However, the afterload dependence of the ejection phase indexes has been touted as a limiting factor for the assessment of the patients with dilated hearts and with left-sided valvular insufficiency.1'34 On the other hand, the indexes derived from the isovolumic phase of the ventricular contraction are relatively afterload independent.",4-6 An article in this issue of Circulation by Chen and colleagues7 presents an animal study designed to See p 2101 verify whether it is possible to accurately calculate the first derivative of the left ventricular pressure curve with respect to time using the continuous wave Doppler velocity curve of surgically produced mitral regurgitation. Will this approach be a direction for developing isovolumic phase indexes of left ventricular performance to be used in addition to or in combination with conventional echocardiographic indexes? Can we foresee new opportunities for the noninvasive study of left ventricular active relaxation in patients with mitral insufficiency?
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Franco Recusani, MD T he development of noninvasive means of assessing left ventricular function has been one of the main fields of investigation in cardiology, with the final purpose of avoiding cardiac catheterization. In the last two decades M-mode and two-dimensional echocardiography yielded outstanding improvements in diagnostic cardiology by providing readily available anatomic and functional information. A number of ejection phase indexes of left ventricular function, and ejection fraction in particular, have been validated by direct methods and, when applied to the everyday care of patients, proved to be useful, practical, and cost effective.1'2 However, the afterload dependence of the ejection phase indexes has been touted as a limiting factor for the assessment of the patients with dilated hearts and with left-sided valvular insufficiency.1'34 On the other hand, the indexes derived from the isovolumic phase of the ventricular contraction are relatively afterload independent.", [4] [5] [6] An article in this issue of Circulation by Chen and colleagues7 presents an animal study designed to See p 2101 verify whether it is possible to accurately calculate the first derivative of the left ventricular pressure curve with respect to time using the continuous wave Doppler velocity curve of surgically produced mitral regurgitation. Will this approach be a direction for developing isovolumic phase indexes of left ventricular performance to be used in addition to or in combination with conventional echocardiographic indexes? Can we foresee new opportunities for the noninvasive study of left ventricular active relaxation in patients with mitral insufficiency? permits the calculation of a mean rate of change of the left ventricular pressure. Their method of calculation was based on the measurement of the time interval between the instantaneous velocities of 1 m/sec and 3 m/sec. The formula is RPR(DP 4-36)=32/t, where RPR(DP 4-36) is the mean rate of pressure rise in mm Hg/sec between developed pressures (DPs) of 4 and 36 mm Hg, t is the measured time interval in seconds, and 32 is the fixed interval of developed pressure in mm Hg. In that study two criteria were used to judge the alignment of the Doppler beam with the regurgitant jet: 1) the color Doppler visualization of the mitral insufficiency jet and 2) the match of the maximum mitral insufficiency Doppler gradient with the systolic arm-cuff pressure. Even if this latter index showed a good correlation with the maximal dP/dt, some conceptual differences between that study and the study by Chen et a17 deserve comment. First, this method involves a calculation of the mean rate of left ventricular pressure rise and not the first pressure-time derivative. Second, the measurement procedure implies an automatic normalization of the mean rate of pressure rise to the corresponding interval of developed pressure, that is, the pressure difference between the left ventricle and the left atrium generated during contraction. This intrinsic normalization makes this index more similar to the dP/dt at fixed developed pressure9"10 than to the maximal dP/dt. This index has also been subsequently evaluated by Pai and colleagues" for the short-term prognostic stratification of patients with clinically significant chronic mitral regurgitation. The surgical correction of a mitral valve leak can often lead to a significant reduction of the ejection fraction; this effect has been related to the combination of reduced preload and increased afterload inherent to the relief of the valve insufficiency.312 Pai et al designed their study to answer the questions of whether this index can predict the early postoperative ejection fraction preoperatively and, if it can, of how it compares with other echocardiographic indexes of left ventricular function. The results of their study show a good correlation of the mean dP/dt with the postoperative ejection fraction. Therefore, the study would support the hypothesis that the mean rate of rise of left ventricular pressure may be a useful overall load-independent parameter of left ventricular function in patients with clinically significant mitral regurgitation. Interestingly, the best correlation with the postoperative ejection fraction was found using the sum of an anatomic parameter known to be sensitive to afterload (left ventricular end-systolic dimension) and the square root of the mean dP/dt index value." Noninvasive Estimation of Maximal First Derivative of LV Pressure In the study by Chen et alJ7 the Doppler velocity curve of mitral insufficiency, created in eight dogs by puncturing the anterior mitral valve leaflet, was used to calculate the time course of ventriculoatrial gradient throughout systole under 30 different hemodynamic conditions.
The time derivative of the gradient was obtained by differentiating the ventriculoatrial gradient predicted by continuous wave Doppler; it was then compared with the temporal derivative of the total left ventricular pressure obtained on line during catheterization. This simplification has been introduced in consideration of the fact that the left atrial pressure fluctuation is relatively minor in comparison with the corresponding left ventricular pressure changes during systole. The correlation was excellent for both the peak positive dP/dt, and the peak negative dP/dt. This animal study shows some substantial technical improvements with respect to previous studies. First, the time course of the ventriculoatrial gradient was displayed continuously. This permitted extraction of the first time derivative of the gradient at any developed pressure with a time resolution of 5 msec rather than the mean rate of pressure rise. This method can therefore be used to calculate the maximal dP/dt at any developed pressure that occurs. As expected, the mean rate of rise of the developed pressure from 4 to 36 mm Hg systematically underestimated the true maximal dP/ dt. Second, the Chen et a17 study empirically demonstrated that Doppler-derived maximal dP/dt is not substantially affected by the orifice size or by the maximum insufficiency flow rate. Finally, the experimental procedure permitted these investigators to show an excellent correlation of the peak negative derivative of the Doppler gradient with the peak negative dP/dt of the total left ventricular pressure, although the correlation was not as good as that with the peak positive dP/dt.
Clinical Use
In the 1960s the maximal dP/dt of the left ventricular pressure was proposed as one of the more promising indexes of contractile state.5'13'4 However, its temporal variability and dependence on preload and heart rate have discouraged the clinical use of this index for the detection of ventricular dysfunction.'15 More recently, the high sensitivity of directly measured maximal dP/dt to acute changes in contrac-tile state has stimulated a resurgence of interest evidenced by animal experiments16 as well as by short-term pharmacological manipulations in humans.17'8 However, the meaning of these short-term evaluations of the changes in contractile state can hardly be extended to the situation of clinical use of the Doppler-derived dP/dt. Any discussion about the clinical value of an index in clinical practice and for serial evaluations has to mean a compromise between the many unsolved basic issues regarding the heart as a muscle and the pressing need to assess the functional capability for clinical decision-making. In fact, the performance indexes are still essentially of an empirical nature. Even when it was theoretically formulated and then experimentally verified that it is possible to normalize the functional capability of many indexes for loading conditions, some major determinants of the ventricular performance in chronic conditions such as ventricular geometry and wall thickness had to be considered causes of uncertainty.'9'20 An alternative approach, suggested by clinical comparative studies on the value of the isovolumic phase and of the ejection phase indexes, would be helpful; owing to the different load and geometry dependencies, it would be expected that several indexes be required for the identification of all patients with left ventricular dysfunction.4'21 If it is true that the meaning of noninvasive parameters is often derived from direct exploration, it can be said that the noninvasive calculation of the left ventricular rate of pressure rise is an additional tool in our hands to be used as a relatively afterload-independent parameter. It may be hoped that prospective clinical studies will validate such a hypothesis.
Additionally, some of the normalization procedures already proposed for use with direct methods can be extended to this new approach. The (dP/ dt)/DP has been proposed as a single-point preloadindependent index within the physiological range.9"10 It is noteworthy that the mitral insufficiency velocity curve directly provides the instantaneous DP.7 In addition, the relation of maximal dP/dt with the left ventricular end-diastolic volume has been found to be a sensitive and load-independent means of assessing contractile state.22,23 If these experimental results are to be confirmed in humans, it seems reasonable that this relation could be obtained, also noninvasively, by the combined use of echocardiography and continuous wave Doppler during load manipulation.
Range of Applicability
The applicability of this approach is essentially limited to patients with mitral insufficiency. This limitation has to be discussed on both theoretical and practical grounds. While it was suggested that, by definition, isovolumic phase indexes should not be used in cases of mitral insufficiency, most of the experimental studies have demonstrated that mitral insufficiency does not preclude the use of the isovolumic indexes.24'25 Major asynchronism of contraction due to complete left bundle branch block and artifi-cial ventricular pacing might impair the reliability of the calculated maximal dP/dt. On the practical side, not only patients with clinically significant primary mitral valve insufficiency but also the large number of patients with dilated hearts of any etiology complicated by any degree of mitral incompetence can be evaluated by this approach.
Hydraulic Considerations
From the physical point of view, one might argue as to whether the instantaneous gradient during varying flow rate can be calculated only by the simplified Bernoulli theorem without taking into account the local accelerative inertia. The study by Chen et al,7 however, shows that the Doppler-derived ventriculoatrial gradient and its first time derivative have a strong correlation with the catheter-derived data with a low dispersion of the data around the regression, thus demonstrating that in the particular case of mitral insufficiency ignoring the local inertia does not introduce a substantial error.
Conclusions
While ejection fraction and the other isotonic phase indexes of left ventricular performance will remain, in the near future, the cornerstone of the noninvasive assessment of ventricular function, it is safe to say that the mitral insufficiency Doppler velocity curve should permit the development of methods that approach the problem from a different angle, namely incorporating the rate of pressure generation.
The prospect of noninvasively studying the active relaxation period of the left ventricle is also very attractive. However, the period of active relaxation is still an area of controversy for both physiologists and invasive cardiologists16; once a more fundamental understanding is solidified, the new opportunities of measurement offered by the Doppler technique could be clinically applied.
